Abstract. Activated hepatic stellate cells (HSCs) serve key roles in hepatic fibrosis by producing excessive extracellular matrix (ECM) components. Lipopolysaccharide (LPS) has been found to be associated with hepatic fibrogenesis through direct interactions with HSCs. Recently, the fibroblast growth factor receptor 1 (FGFR1) signalling system was identified as a key player in the process of liver fibrosis. In the present study it was evaluated whether FGFR1 mediated LPS-induced HSCs activation. In cultured cells, FGFR1 was inhibited by either siRNA silencing or by a small-molecule inhibitor in LPS-stimulated HSCs. The blockade of FGFR1 decreased LPS-induced nuclear factor-κB (NF-κB) activation, inflammatory cytokine release, fibrosis, and cell proliferation in HSCs. It was further indicated that LPS triggered FGFR1 phosphorylation via TLR4/c-Src. These findings confirmed the detrimental effect of FGFR1 activation in the pathogenesis of LPS-related HSC activation and revealed that FGFR1 may be an ideal therapeutic target for LPS-induced liver fibrosis.
Introduction
Hepatic fibrosis is a wound-repairing response to frequent and repeated liver injuries that may lead to cirrhosis and even liver cancer (1) . Liver fibrosis represents the consequence of an imbalance between accumulation and dissolution of excessive extracellular matrix (ECM) (2, 3) , and the inhibition of collagen generation is an effective method to treat liver fibrosis (4, 5) . Activated hepatic stellate cells (HSCs) are well known for their potential role in increasing deposition of ECM and elevated proliferation in liver fibrosis (6, 7) . During liver injury, quiescent HSCs that store vitamin A in lipid droplets (LDs) and reside in the spaces of Disse convert to an activated phenotype and are depleted of vitamin A (6) . The activation process of quiescent HSCs can be driven by various stimuli, including lipopolysaccharide (LPS) (8) . LPS, the classic ligand for Toll-like receptor 4 (TLR4) (9) , has been found to be associated with hepatic fibrogenesis through direct interactions with HSCs (8) . LPS-induced nuclear factor-κB (NF-κB) activation and release of inflammatory cytokines were also observed in activated HSCs (10) . However, the molecular mechanisms underlying the effects of LPS on HSC activation are poorly understood.
Fibroblast growth factor receptor 1 (FGFR1) is a receptor tyrosine kinase that mediates a broad spectrum of cellular and developmental processes, including apoptosis, proliferation, and angiogenesis (11) . Moreover, substances targeting FGFR1 have been shown to have promise for treatment in animal cancer models (12) . Recently, the FGFR1 signalling system has also been identified as a key player in the process of liver injury (13) (14) (15) . Selective blockade of FGFR1 inhibited HSC activation by measuring the production of ECM (14) . In addition, administration of NP603, a novel inhibitor of FGFR1, significantly decreased hepatic fibrosis in carbon tetrachloride (CCl4)-treated rats (14) . These findings suggest that FGFR1 inhibition may be an ideal therapeutic approach to HSC activation and liver fibrosis. Nevertheless, it is unclear whether FGFR1 is a potential regulator in LPS-related inflammatory responses and activation of HSCs.
The goal of this study was to determine the role of FGFR1 in LPS-induced inflammation and HSCs activation. Specifically, we used pharmacological and genetic means to inhibit FGFR1 in HSCs. We showed that inhibition of FGFR1 ameliorated LPS induced-NF-κB activation, inflammatory responses, fibrosis and cell viability in HSCs. Furthermore, WB and co-immunoprecipitation. HSCs were lysed, and protein amounts were determined by the Bradford assay (Bio-Rad). Nuclear and cytoplasmic proteins were extracted from HSCs using nuclear and cytoplasmic protein extraction kits (Beyotime Biotech, Nantong, China). Proteins were separated by 10% SDS-PAGE and were electrotransferred to PVDF membranes. Each membrane was blocked for 1.5 h with Tris-buffered saline containing 0.05% Tween-20 and 5% non-fat milk. PVDF membranes were then incubated with specific primary antibodies. Immunoreactive bands were detected by incubating membranes with horseradish peroxidase-conjugated secondary antibodies and visualisation using enhanced chemiluminescence (Bio-Rad). The amounts of the proteins were analysed using ImageJ analysis software version 1.38e and were normalised to their respective controls.
For immunoprecipitation studies, extracts were incubated with anti-c-Src-antibody for 4 h and were then precipitated with protein G-Sepharose beads at 4˚C overnight. c-Src and FGFR1 levels were detected by immunoblotting using specific antibodies.
RT-qPCR. Total RNA was isolated from HSCs using TRIzol (Invitrogen; Thermo Fisher Scientific, Inc.). Reverse transcription and quantitative PCR were carried out using a two-step Platinum SYBR Green qPCR SuperMix-UDG kit (Invitrogen; Thermo Fisher Scientific, Inc.). An Eppendorf Mastercycler (Eppendorf, Hamburg, Germany) was used for qPCR analysis. Primers for genes including TNF-α, IL-6, collagen I, TGF-β, α-SMA, and β-actin were obtained from Invitrogen; Thermo Fisher Scientific, Inc. (sequences are listed in Table I ). Target mRNA was normalised to β-actin.
Immunofluorescence cell staining. Cells were fixed with 4% paraformaldehyde, permeabilised with 0.1% Triton X-100 and stained. Col-1 and α-SMA staining were performed by incubating slides with anti-Col-1 or anti-α-SMA antibody at 1:200 dilution overnight at 4˚C. PE-conjugated secondary antibody (1:200) was used for detection. Cells were counterstained with DAPI nuclear stain. Images were captured (original magnification 400; Nikon, Tokyo, Japan).
Statistical analysis. All data represented 3 independent experiments and were expressed as the means ± SEM. Statistical analyses were performed using GraphPad Pro. Prism 5.0 (GraphPad Software, Inc., La Jolla, CA, USA). Student t-tests or one-way ANOVAs followed by multiple comparisons tests with Bonferroni corrections were employed to analyse the differences between sets of data. A P-value <0.05 was considered to indicate a statistically significant difference.
Results

Small-molecule FGFR1 inhibitor reversed LPS-induced HSC activation.
We used a small-molecule inhibitor, AZD4547, that specifically inhibits FGFR1 activity (Fig. 1A) (17) . Freshly isolated HSCs were treated with LPS (100 ng/ml for 15 min) and the effects on FGFR1 activation were determined. LPS induced a robust increase in FGFR1 phosphorylation that was inhibited in a dose-dependent fashion by AZD4547 pretreatment for 1 h (Fig. 1B) . To evaluate the effect of AZD4547 on LPS-induced HSCs activation, we determined cell viability of HSCs. In accordance with previous studies (18) , LPS significantly stimulated HSC proliferation (Fig. 1C) , indicating that LPS increased HSC activation. Treatment with AZD4547 reduced LPS-induced cell viability (Fig. 1C) .
Increased production and/or activity of transforming growth factor (TGF)-β was critical for sustaining HSC activation and fibrosis (19) . Upon sustained LPS treatment for 6 h, mRNA levels of TGF-β increased (Fig. 1D) . Pretreatment with AZD4547 decreased TGF-β mRNA levels in a dose-dependent manner (Fig. 1D) . As shown in Fig. 1D , LPS stimulated mRNA expression of ECM, including collagen I and α-smooth muscle actin (α-SMA), both of which were reduced by AZD4547 pretreatment in a dose-dependent manner. AZD4547 also dose-dependently reversed LPS-stimulated TGF-β (Fig. 1E) , Table I . Sequences of primers for RT-qPCR assay used in the study. Col-1 (Fig. 1E) , and α-SMA (Fig. 1E ) protein expression. These results were also verified by staining cells for α-SMA (Fig. 1F) , and Col-1 (Fig. 1G) . These findings strongly suggested that the FGFR1 small-molecule inhibitor attenuated LPS-related fibrosis in HSCs, and that inhibition of liver fibrosis protein expression by AZD4547 may be associated with decreased HSC viability.
FGFR1 inhibitor AZD4547 decreased LPS-induced inflammatory responses in HSCs.
LPS caused inflammatory responses in the liver, mediating the progression of HSC activation (8, 10, 20) . We evaluated whether AZD4547 altered the expression of pro-inflammatory cytokines. Immunoblotting showed an increased expression of inflammatory cytokines, including tumour necrosis factor-α (TNF-α) and interleukin-6 (IL-6) in HSCs ( Fig. 2A and B) . This increase was associated with increased mRNA levels of TNF-α and IL-6 ( Fig. 2C and D) . AZD4547 treatment reduced both protein and mRNA levels of TNF-α and IL-6 ( Fig. 2A-D) . To uncover the signalling mechanism underlying the anti-inflammatory activity of AZD4547, we examined the NF-κB pathway, the signalling pathway implicated in the expression of pro-inflammatory cytokines by LPS in HSCs (10). We exposed HSCs to LPS and treated the cells with AZD4547 to assess the NF-κB signalling pathway. LPS reduced cytosolic IκB-α (Fig. 2E) , cytoplasmic NF-κB p65 subunit (Fig. 2E ) and increased nuclear NF-κB p65 subunit (Fig. 2E ) levels. AZD4547 treatment of HSCs prevented LPS-induced reduction in cytosolic IκB-α, p65 and increased nuclear p65 levels (Fig. 2E) . These results show that LPS induced a pro-inflammatory phenotype in HSCs and that these adverse effects were prevented by FGFR1 inhibitor AZD4547.
Gene knockdown of FGFR1 attenuated LPS-induced inflammatory responses and activation of HSCs.
To assess the non-specificity of the small molecule inhibitor and to provide further support for the role of FGFR1, we silenced FGFR1 by siRNA (si-FGFR1). Transfection of si-FGFR1 led The column figures show the normalised optical density for the data from three independent experiments. Incubation with LPS for 6 h was indicated. The mRNA levels of (C) TNF-α and (D) IL-6 were detected by RT-qPCR and normalised by β-actin. Western blot analysis of (E) IκBα, cytoplasm NF-κB P65 (C-NF-κB) and nuclear NF-κB P65 (N-NF-κB) levels in HSCs with LPS treatment for 1 h. GAPDH was used as loading control for IκBα/C-NF-κB and lamin B as loading control for N-NF-κB (ns=not significant vs. Ctrl group; to decreased FGFR1 protein expression in HSCs (Fig. 3A) , and attenuated protein ( Fig. 3B and C) and gene ( Fig. 3D ) expression levels of TNF-α and IL-6 in LPS-stimulated HSCs. In addition, LPS-induced NF-κB activity was not evident following silencing of FGFR1 expression in HSCs (Fig 3E) . Subsequently, si-FGFR1 remarkably decreased LPS-induced activation of HSCs, as evidenced by liver fibrosis markers such as TGF-β, col-1, and α-SMA at both the protein (Fig. 3F) and mRNA (Fig. 3G) level. These findings, together with the results of the anti-inflammation and anti-fibrosis effect of AZD4547, confirmed that FGFR1 had a potential role in regulating LPS-related HSCs activation.
LPS triggered FGFR1 phosphorylation in HSCs through the TLR4/c-Src signalling cascade.
How LPS activates FGFR1 remained unaddressed. LPS directly binds to TLR4 (9), subsequently activating downstream NF-κB signalling and inflammatory responses (21, 22) . TLR4 signalling activation promoted c-Src phosphorylation (23) . It was also reported that c-Src via FGFR1 transactivation and subsequent downstream activation of multiple pathways mediated lymphoma and myeloproliferative disorders (24) . Therefore, we tested whether LPS activated FGFR1 in HSCs through the TLR4/c-Src signalling cascade. AZD4547 did not block expression of TLR4 (Fig. 4A) or phosphorylation of c-Src (Fig. 4B ) induced by LPS, suggesting that FGFR1 may be not be the upstream regulator of TLR4/c-Src. We then evaluated the role of TLR4 blocker TAK-242 and c-Src blocker PP2 in LPS induced-FGFR1 phosphorylation. As shown in Fig. 4C , both TAK-242 and PP2 reduced FGFR1 activation in HSCs. In addition, gene knockdown of FGFR1 did not suppress LPS-induced increases in TLR4 (Fig. 4D) or activation of c-Src (Fig. 4E) . We also assessed c-Src/FGFR1 complex formation in the context of LPS. Co-immunoprecipitation showed that LPS challenge of HSCs for 5 to 30 min remarkably increased the recruitment of FGFR1 to c-Src (Fig. 4F) . These findings suggested a novel mechanism of LPS-induced FGFR1 activation, one that involves TLR4/c-Src signalling cascade.
Discussion
In this study, we revealed that LPS mediated FGFR1 activation in HSCs, which then contributed to NF-κB activation, IL-6 and TNF-α release, fibrosis and proliferation in HSCs.
Application of an FGFR1 inhibitor or genetic knockdown of FGFR1 in LPS-challenged cells produced a great reduction in HSC viability, fibrosis and inflammatory responses, suggesting that inhibition of FGFR1 may be a therapeutic approach for LPS-induced HSC activation (Fig. 4G) .
Evidence implicated FGFR1 in a host of liver fibrosis diseases (13) (14) (15) . Böhm et al (13) generated mice with hepatocytes that lacked FGFR1 and subjected them to acute and chronic CCl4-induced liver injury and partial hepatectomy. In hepatocytes, loss of FGFR1 eliminated responsiveness to FGF7 but did not affect toxin-induced liver injury and fibrosis. However, mortality after partial hepatectomy increased because of severe hepatocyte necrosis (13) . Using a tissue microarray of 89 primary liver tumours, including a subset of 10 fibrolamellar carcinomas, Riehle et al (15) provided evidence of FGFR1 overexpression in human fibrolamellar carcinoma and supported the use of FGFR1 inhibitors in the treatment of patients with unresectable fibrolamellar carcinoma. Our results indicated that FGFR1 inhibitor or genetic silencing by siRNA significantly decreased the expression of ECMs, including TGF-β, α-SMA, collagen I, and reduced cell viability in HSCs related to LPS.
The NF-κB signalling pathway, a conserved mediator of inflammatory responses, plays a central role in regulating the progression of liver fibrogenesis (25) . Inhibition of IκB kinases stimulated HSC apoptosis, indicating that NF-κB signalling played a central role in the activation of HSC (10) . Liver fibrosis is often associated with LPS-induced pro-inflammatory cytokines IL-6, and TNF-α release (26) . We showed that the same FGFR1/NF-κB activation pathway enhanced inflammatory responses in HSCs that were markedly reversed by the FGFR1 inhibitor AZD4547 or siRNA-silencing FGFR1.
There is a pressing need to understand how LPS activates FGFR1 signalling. Yao et al (27) found that dioscin exhibited protective effects against LPS-induced liver injury via altering TLR4 signalling. We identified TLR4, the classic receptor for LPS, as a potential activator of FGFR1 in HSCs. In HFD-fed mice, TLR4 and FGFR1 appeared to be implicated in the expression of proinflammatory cytokines and hepatic steatosis (28) . It has been reported that Src activation played an important key role in FGFR1 kinase activation (24, 29) . A.E. Medvedev and colleagues found that c-Src kinase played a key role in LPS-dependent NF-κB activation (30) . Here, we identified for the first time that TLR4 interacted with LPS to facilitate c-Src/FGFR1 interactions, thereby activating downstream NF-κB signalling and inflammatory responses (Fig. 4F) .
In summary, we demonstrated that FGFR1 mediated LPS-induced NF-κB activation, inflammatory responses and activation of HSCs. LPS-induced FGFR1 activation appeared to require upstream TLR4-Src-related mechanisms. Our data suggested that FGFR1 inhibition may be a feasible strategy for treating LPS-related liver fibrosis.
